Abstract: Nicotinic acetylcholine receptors (nAChRs) are members of the cys-loop superfamily of ligand-gated ion channels (cys-loop LGICs) and mediate fast cholinergic synaptic transmission in the nervous system of insects. The completion of many insect genome projects has greatly enhanced our understanding of the individual subunits that make up nAChR gene families from an insect genetic model organism (Drosophila melanogaster), crop pests, disease vectors and beneficial (pollinator) species. In addition to considerable insect nAChR subunit diversity, individual subunits can be subject to alternative splicing and RNA editing and these post-transcriptional modifications can add significantly to the diversity of nAChR receptor subtypes. The actions of insecticides targeting nAChRs, notably cartap, neonicotinoids, sulfoximines, flupyradifurone, spinosyns and triflumezopyrim are reviewed. Structural studies obtained using an acetylcholine binding protein (AChBP) co-crystallised with neonicotinoids have yielded important new insights into the requirements for neonicotinoid insecticide -nAChR interactions. The persistent application of insecticides to crop pests leads to the onset of resistance and several examples of resistance to insecticides targeting nAChRs have been documented. Understanding the molecular basis of resistance can inform our understanding of the mechanism of insecticide action. It also provides an important driver for the development of new chemistry, diagnostic tests for resistance and the adoption of application strategies designed to attenuate such problems. Finally, we consider toxicity issues relating to nAChR-active insecticides, with particular reference to beneficial insect species (pollinators) as well as mammalian and avian toxicity. This review is part of the special issue "Insecticide Mode of Action: From Insect to Mammalian Toxicity"
INTRODUCTION
Insect nicotinic acetylcholine receptors (nAChRs) are targets for several classes of insecticides [1, 2] . The major family of insecticides targeting nAChRs are the neonicotinoids which have been deployed for 25 years and are still among the most important insecticides worldwide [3] . They are used in many applications, notably crop protection and animal health. Growing problems of resistance [4] pose a threat to their future and concerns regarding their possible adverse actions on pollinating insects [5] have led to restrictions on their use in Europe. The first commercial neonicotinoid, imidacloprid, quickly became the biggest selling insecticide worldwide [6] . Like nicotine, with which it shares some chemical similarities, imidacloprid activates nAChRs for which the natural ligand is the neurotransmitter acetylcholine (ACh). These receptors belong to a cys-loop superfamily of ligand gated ion channels (cys-loop LGICs), which in vertebrates also include receptors for γ-aminobutyric acid (GABA), glycine and 5-hydroxytryptamine (5-HT) [7] and in invertebrates also include receptors for GABA, 5-HT, ACh, L-glutamate, histamine, dopamine and tyramine [8] .
Although neonicotinoids have dominated the insecticide market in recent years, they are far from the first nicotine-like molecules to be used to control insect pests. It may seem remarkable now but a century ago nicotine itself was used to control insect pests of plants [9] . It was not particularly effective, is extremely toxic and hence today is only of historical interest. Following observations by Japanese fishermen that crustaceans became paralysed when placed in the same containers as ragworms, nereistoxin was isolated from the marine annelid Lumbriconereis heteropoda and became the basis for several related synthetic compounds, most notably cartap [10, 11, 12] . Other nicotine-like compounds (nicotinoids) were identified as insecticide candidates including synthetic compounds containing a 3-pyridylmethylamine group and a basic amino nitrogen atom [13] as well as molecules of plant origin such as charatoxins [14] .
A fore-runner to the incredibly successful neonicotinoid class of chemistry was the compound developed by Shell, nithiazine, a nitromethylene compound. Nithiazine and related compounds were found to be active at insect nicotinic Pleaseprovide correspondingauthor(s) photograph cholinergic synapses [15] and were subsequently shown to act on insect nAChRs [16] . However, these nitromethylenes displayed poor photostability which precluded their development as commercial insecticides. This work paved the way for the later discovery by Shinzo Kagabu and colleagues at Bayer of imidacloprid (1-(6-chloro-3-pyridylmethyl)-2-nitroimino-imidazolidine) which showed many improved properties [17] . Introduced as an insecticide in 1991, by 1999 it was the world's number one insecticide based on sales. Since then spinosyns [18] and other insecticides, most recently triflumezopyrim [19] , have been developed with several different modes action on nAChRs.
NICOTINIC ACETYLCHOLINE RECEPTORS (nAChRs) OF INSECTS

Structure and function of insect nAChRs
Acetylcholine is the primary afferent neurotransmitter in insects and the insect nervous system is richer in nAChRs than almost any other tissue other than the electric organ of the electric fish [2] . Insect nAChRs act as molecular switches which change conformation upon binding to the natural transmitter ACh, nicotine or related agonist compounds, allowing a net influx of cations into the cell. They are pentameric proteins and each of the 5 subunits has 4 transmembrane regions (TM1-4) with a long N-terminal extracellular domain containing the characteristic cys-loop motif. This consists of two disulphide bond-forming cysteines separated by 13 amino acid residues. The cys-loop has roles in receptor assembly [20] and the kinetics of ion channel gating [21] . The binding site for ACh and agonists is situated in the extracellular domain at the interface of two adjacent subunits and is formed by 6 distinct regions (loops A-F). The nAChR subunits possessing two adjacent cysteines in loop C which are critical for ACh binding are referred to as α subunits. Those subunits lacking these adjacent cysteines are designated non-α. The 5 subunits that make up each nAChR molecule form a central cation pore; nAChRs can exist as homo-pentamers of α subunits or hertero-pentamers of either two kinds of α subunit or more commonly of various combinations of α and non-α subunits [22] .
Insect nAChR gene families
Insect nAChRs mediate fast synaptic transmission in the nervous system and are targets for several classes of insecticidally-active molecules, most notably the neonicotinoids. The subunit composition of distinct subtypes of nAChR determines both functional and pharmacological properties of the receptor. Since nAChR families contain multiple subunit-encoding genes, this provides a molecular basis for the rich diversity of properties and pharmacology of nAChR subtypes. Comparative insect genomics has shown that nAChR gene families are relatively compact even in diverse insect species, when compared to their nematode and vertebrate counterparts. For example, the fruit fly (Drosophila melanogaster), the mosquito which serves as a malarial vector (Anopheles gambiae), the honey bee (Apis mellifera), the silk worm (Bombyx mori) and the red flour beetle (Tribolium castaneum), a stored product pest, possess 10-12 nAChR subunit encoding genes. This contrasts with humans and the nematode, Caenorhabditis elegans, which have 16 and at least 29 subunits respectively [22] . Although insect nAChR gene families are some of the smallest known, nAChR diversity is often greatly enhanced by alternative splicing and mRNA Ato-I editing.
These post-transcriptional processes can potentially generate protein products which outnumber by many times the number of nAChR genes. Modifications generated in this way can result in species-specific subunit isoforms. Interestingly, each insect appears to possess at least one highly divergent nAChR subunit which may conceivably perform species-specific functions [22] . Subunit diversification that is species-specific may offer candidate targets for future insecticides designed to target insect pests while sparing beneficial insect species. Until recently, no high-resolution, crystal structure of an entire nAChR was available. However, a 4.0 Angstrom structure of the Torpedo electric organ nAChR [23] and the 2.7 Angstrom structure of an ACh binding protein (AChBP) from the pond snail Lymnaea stagnalis which shares common homology with the extracellular domain of the nAChR have been very instructive [24] . Of particular interest are recent studies in which AChBP (wild type and mutated to better mimic the insect nAChR) has been co-crystallised with neonicotinoid insecticides (Fig. 1) . Another recent development has been the successful crystallization of the human α4β2 brain nAChR at 3.9 Angstroms resolution [25] .
In the wild type Lymnaea stagnalis AChBP-imidacloprid complex, the nitro group of imidacloprid forms a hydrogen bond with the amide group of Gln55 in loop D (Fig. 1) , while the pyridine ring nitrogen forms hydrogen bonds via a water with the backbone of loop E and the CH2-CH2 bridge hydrogens contact with the aromatic ring of Trp143 in loop B by CH-π interactions and the imidazolidine ring stacks with the aromatic ring of Tyr185. Similar interactions were observed in the crystal structure of the wild type AChBP in complex with CH-IMI ( Fig. 2) , a nitromethylene analog of imidacloprid that of all neonicotinoids studied binds most strongly to the AChBP. However, in the case of clothianidin ( Fig. 2) , unlike imidacloprid, the nitro group does not make contact with Gln55 [26] . Thiacloprid does not stack with Tyr185 and instead forms a hydrogen bond between its cyano group and the backbone of Tyr185 in loop C [27] . In Aplysia californica AChBP, the cyano group of thiacloprid interacts with the backbone of Tyr185 as in Lymnaea AChBP, which at first appears to deny the generality of AChBP interactions with neonicotinoids [28] .
In insect non-α nAChR subunits such as the β1 subunit of Drosophila, amino acids corresponding to the loop D Gln55 of Lymnaea stagnalis AChBP are arginine or lysine. Hence we mutated Gln55 to arginine to make AChBP resemble more closely insect non-α nAChR subunits. Such mutations resulted in hydrogen bond formation of the nitro group of clothianidin with Arg55. Interestingly, thiacloprid stacks with Tyr185 and interacts electrostatically with Arg55 in the Q55R mutant [26] . We also co-crystallised the wild type Lymnaea stagnalis AChBP and its Q55R mutant with desnitroimidacloprid, an imidacloprid metabolite lacking the nitro group. The guanidine tip of the metabolite is directed away from loop D, further supporting an important concept that the basic residues in loop D play a key role in defining the binding mode of neonicotinoids at the ligand-binding domain [26] . To summarize, a general concept has been established that neonicotinoids, nitro or cyano type, stack with the tyrosine residue in loop C and interact electrostatically with the basic residues in loop D.
Quite unexpectedly, crystallography studies showed that Lys34 in the β1 strand, often referred to as "loop G", interacts with the nitro group of clothianidin and CH-IMI (Fig. 1 ) as well as with the cyano group of thiacloprid in the Q55R AChBP mutant [27] . In insect nAChR α-subunits, amino acids corresponding to the Lys34 in the AChBP are preserved as basic residues. To confirm the role of such basic residues in loop G for the nAChR-imidacloprid interactions, we mutated Ser58 corresponding to Lys34 in AChBP to arginine in the α7 homomer-forming nAChR subunit and investigated the effects of the S58R mutation in the presence and absence of a mutation to arginine of Gln55 corresponding to Gln55 in the AChBP. The S58R mutant enhances the agonist actions of neonicotinoids, while reducing the actions of acetylcholine, (-)-nicotine and desnitro-imidacloprid. This is consistent with the finding that the basic residue in loop G is involved in the AChBP-neonicotinoid interactions at the orthosteric site. The basic residues in loop G interact via the complementary side or non-α side in the AChBP (Fig. 1) , thus it appears that not only the α-non-α interface, but also the α-α interface contributes to the diverse and selective actions of neonicotinoids on insect nAChRs [27, 29] .
MODES OF ACTION OF INSECTICIDES TARGETING INSECT nAChRs
Nicotine and nicotinoids
The powerful and rapid actions of nicotine on insects triggered the search for nicotine-like molecules as possible insecticides. Many plant-derived molecules were explored in this context.
One such example is provided by the charatoxins [14] . Other nicotine-like compounds (nicotinoids) were identified as insecticide candidates including synthetic compounds containing a 3-pyridylmethylamine group and a basic amino nitrogen atom [28] . Dihydronicotyrine and N,N di-substituted 3-pyridinylmethylamines were also generated but not taken forward as commercial insecticides [13] .
Cartap, an insecticide based on an invertebrate toxin, nereistoxin
Cartap (Fig. 2) was developed by Takeda Chemical Industries. It is a derivative of nereistoxin which was isolated by Nitta in 1934 [10] . Nereistoxin was synthesized in 1965 by Hagiwara and colleagues [11] . A variety of nereistoxin derivatives were Figure 2 Chemical structures of commercial synthetic insecticides targeting insect nicotinic acetylcholine receptors (nAChRs). prepared and cartap was an important commercial product. Sattelle and colleagues described the detailed actions of nereistoxin at the nAChRs of the cercal afferent-giant fibre cholinergic synapse in the terminal abdominal ganglion of the cockroach Periplaneta americana [12] . Bensultap and monosultap are also nereistoxin-derived products.
Nithiazine, a Neonicotinoid prototype
Nithiazine (Fig. 2) is a nitromethylene heterocycle and its actions were reported on the cholinergic cercal afferent-giant fibre synapses in the cockroach terminal abdominal ganglion. The effects were biphasic; an initial increase in the frequency of spontaneous giant fibre discharges was followed by the development of a complete block of synaptic transmission [15] . Nithiazine and related compounds did not inhibit insect acetylcholinesterase. It was concluded that the site of action was postsynaptic, and likely involved an action on postsynaptic nAChRs [15] . Subsequent studies using an insect identified cockroach motor neuron and radioligand binding to cockroach CNS membranes with 125 I-α-bungarotoxin demonstrated agonist actions on insect nAChRs [16] . Although nithiazine itself was not commercialised, adding the 1-chloro-3-pyridyl moiety and replacing the nitromethylene by a nitroimine group to enhance efficacy and photostability led to the introduction of imidacloprid.
Imidacloprid and the Neonicotinoid family of insecticides
Imidacloprid (Fig. 2) was the first neonicotinoid to be commercialised. Introduced in 1991, imidacloprid became the world's biggest selling insecticide by the end of that decade [4] . Imidacloprid acts at the orthosteric site on insect nAChRs. Its agonist actions activate the cation permeable ion channel of the receptor [30] . In pentameric nAChR receptors consisting of 2x α and 3x non-α subunits, the 6 ACh binding site loops (loops A, B and C on the α subunit and loops D, E and F on the non-α subunit) make up the neurotransmitter (orthosteric) binding site, which is located at the α/non-α subunit interfaces. Important roles for loops B C D E and F in interactions with imidacloprid have been reported [25] . Recently, an additional site (loop G) on the β1 strand has been identified [29] . Also, when the α/non-α subunit ratio is 3/2, another binding site is generated at the interface of two adjacent α subunits [29] .
Other neonicotinoids include acetamiprid, clothianidin, nitenpyram, dinotefuran, thiacloprid and thiamethoxam (Fig.  2) . When compared to organophosphate and carbamate insecticides, neonicotinoids are found to be less toxic to birds and mammals. When comparing their actions at their molecular target, insect nAChRs appear more sensitive to neonicotinoids than most of their vertebrate nAChR counterparts. Some breakdown products are however toxic. Detailed studies of neonicotinoid interactions with native and recombinant insect nAChRs reveal a variety of complex interactions with nAChRs (Table 1) . Partial agonists, full agonists and superagonists have all been reported [31, 32, 33, 34] . For example, imidacloprid is a partial agonist, while clothianidin shows a higher efficacy than imidacloprid on native and recombinant fruit fly (Drosophila melanogaster) Dα2/chicken (Gallus gallus) β2 hybrid nAChRs (Table 1) . Interestingly a nitromethylene analog of clothiandin was a super agonist on native Drosophila neurons which is due to increased open probability of the highest conductance state of the nAChRs expressed in the neurons [31] . In the dorsal unpaired neurons in the thoracic ganglia of the cockroach, Periplaneta americana, desensitizing (D) and nondesensitizing (ND) nAChRs are present. On the D type of nAChRs imidacloprid acts as an agonist, whereas it is an antagonist on the ND class of nAChRs [35] . Alkylenetethered imidacloprid derivates were tested on native cockroach neurons to show that they were also antagonists [34] . The diverse actions of neonicotinoids on various insect nAChRs are summarized in Table 1 .
Sulfoxaflor, a sulfoximine insecticide
Sulfoxaflor (Fig. 2) belongs to the sulfoximine class of insecticides which are often used to target sap-feeding insects. Sulfoxaflor binds to the orthosteric (agonist) site on insect nAChRs competing directly with the neurotransmitter ACh. Binding causes uncontrolled neuronal firing resulting in muscle tremors followed by paralysis and death [36] . Thus sulfoximines bind to the orthosteric binding site and show agonist [37] and rapidly desensitizing [38] actions.
Flupyradifurone, a butenolide insecticide
Flupyradifurone (Fig. 2) displaces [ 3 H]-imidacloprid binding to housefly Musca domestica membranes enriched in nAChRs. Whole-cell current responses were recorded following application of flupyradifurone and ACh to neurons isolated from the nervous system of the lepidopteran pest, the army fall worm Spodoptera frugiperda. The results point to activation of insect nAChRs and action as a partial agonist. The flupyradifurone dose-response curve revealed a Hill coefficient close to one suggesting a single binding site [39] .
Spinosyns
Spinosad is an insecticide based on chemical compounds present in the bacterium Saccharopolyspora spinosa [17] . Fascinatingly, S. spinosa was isolated from soil collected in the Virgin Islands. Spinosad is derived from a family of natural products obtained by fermentation of S. spinosa. Spinosyns occur in over 20 natural forms, and over 200 synthetic forms (spinosoids) have been produced. Spinosad contains a mix of two spinosoids, spinosyn A, the major component (Fig. 3) , and spinosyn D (the minor component), in a roughly 17:3 ratio.
Spinosyns contain a tetracyclic ring system attached to an amino sugar (D-forosamine) and a neutral sugar (tri-Omethyl-L-rhamnose). The spinosyns exhibit a novel mode of action on insect nAChRs. They target binding sites on nAChRs that are distinct from those at which other insecticides bind. Watson et al [40] and Perry et al [41] have provided strong evidence that the D. melanogaster Dα6 subunit [42] is targeted by spinosad. There are several examples of insect pest species where mutations in the α6 nAChR subunit are associated with high levels of resistance to spinosad. One recent example is a mutation G275E in the α6 nAChR subunit of the tomato leaf miner Tuta absoluta [43] .
Triflumezopyrim
Triflumezopyrim (Fig. 2) is a recently commercialized molecule from DuPont Crop Protection. It belongs to a new class of mesoionic insecticides [19] . It displaced 3 Himidacloprid binding from membranes of the aphid Myzus persicae. The competitive nature of its action points to an interaction with the orthosteric site on nAChRs. Voltageclamp electrophysiology on cockroach (Periplaneta americana) neurons showed that triflumezopyrim suppressed nAChR currents. Similar actions were observed on hybrid recombinant receptors composed of D. melanogaster Dα2 and chicken β2 subunits. The rapid, prolonged nAChR blocking actions seen in P. americana neurons, are quite distinct from the actions of other insecticides targeting insect nAChRs. Triflumezopyrim acts by inhibition of the orthosteric nAChR binding site. It is the first commercial insecticide with this type of action and it provides excellent control of hoppers, including the brown planthopper, Nilaparvata lugens, for which strong resistance to imidacloprid has been reported [44] .
RESISTANCE TO INSECTICIDES TARGETING INSECT nAChRs
Development of resistance is a major problem for all insecticides [36] and is perhaps one of the best examples of natural selection in action. Discussion here is confined to neonicotinoid resistance because of its high significance. Both target-site [44, 45] and metabolic [4] mechanisms conferring resistance have been reported.
In most cases neonicotinoid resistance results from metabolic changes. It involves the enhanced expression of one or more cytochrome P450s which are often detected in resistant strains. However a target site mutation causal for resistance was found in field populations of peach aphid Myzus persicae. Bass et al [45] reported that [ 3 H]-imidacloprid affinity for the membrane fraction was reduced by an R81T mutation of the nAChR β1 subunit. Interestingly, we earlier predicted that an important R81T mutation affecting neonicotinoid sensitivity was possible in loop D since the ACh concentration-response curve was unaffected by the T to R mutation, whereas the action of imidacloprid was affected [46] .
In spite of the current scale of resistance, neonicotinoids continue to play an important role in many pest control programmes worldwide. Resistance management strategies, whereby insecticides with different modes of action are either co-applied or used in turn will be of crucial importance in preventing resistance becoming more widespread.
It is also interesting to note that mutations in the nAChR α6 subunit (e.g. G275E in Tuta absoluta) can confer resistance to spinosad [43] . Enhanced knowledge of such target site mutations will add to our understanding of the particular subunits targeted by the various insecticides acting on insect nAChRs.
TOXICITY
In this section we focus on toxicity issues in relation to neonicotinoids as they are the most widely used insecticides targeting nAChRs worldwide. Although incredibly successful and playing a key role in global food production, neonicotinoids have come under increasing scrutiny over their potential environmental impact. For example, their deployment has been linked to adverse ecological effects, including the decline of pollinating insects and the decline in bird populations as a result of reduced insect populations. In 2013, the European Union (EU) and along with some non-EU countries restricted the use of certain neonicotinoid insecticides.
Mammalian and avian toxicity
Neonicotinoids have been very successful since their introduction in 1991. They exhibit high affinity for insect nAChRs, lower affinity for many mammalian nAChRs and also show relatively low mammalian and bird toxicity [17] . Neonicotinoids are deployed as sprays; they can be applied as drenches or in granular form. They are sometimes introduced into water supplies used for irrigation or even injected into trees. Their most common application is as a seed treatment. In this case the insecticide is taken up systemically by the crop plant. This is a convenient and cost-effective way to apply neonicotinoids and has been widely used. This feature, as well as the development of resistance to other classes of insecticide by many insect pests, and the phasing out of earlier generations of insect control chemicals, has led to neonicotinoids capturing almost one fifth of the global Figure 3 Chemical structure of spinosyn A, a component of a commercial insecticide (spinosad) of natural product origin targeting insect nAChRs. insecticide market. Although vertebrates are less susceptible than arthropods to neonicotinoids, consumption of neonicotinoid dressed seeds could present risks to birds [47] and humans [48] .
Environmental concerns including risks to beneficial insects
One perceived advantage of neonicotinoid insecticides is that they can control a broad-spectrum of insect pests. This offers advantages to arable farmers and horticulturalists. However, the seed-dressing (prophylactic) application of broadspectrum pesticides is at odds with the long-established principles of integrated pest management and this presents environmental concerns with respect to long-term repeat applications of these compounds [49] .
The neonicotinoid insecticides can persist in the soil and ultimately find their way into watercourses. Also since their actions are systemic and designed to target sucking insect pests, they reach the nectar and the pollen of crop species and the wild flowers at the borders of treated fields. As a result the levels of neonicotinoids to which pollinators are exposed may reach LC50 values, the concentration that kills 50% of individuals. It has been shown that neonicotinoid concentrations in the nectar and pollen of crops can reach levels that affect colony reproduction in bumblebees [50] .
More research is needed to explore the impact of neonicotinoids on a range of non-target invertebrates, notably pollinators. The evidence we have suggests that neonicotinoids with their broad-spectrum insecticide actions are likely to have adverse effects on a range of non-target invertebrates, not only pollinators but also possibly soil and water dwelling invertebrates [50] 
CONCLUSION
Insecticides targeting nAChRs include an example of an insect control chemical developed from a natural invertebrate toxin. Toxins of plant origin have also been explored for their potential as insecticides and a toxin of bacterial origin has proved to be a very successful insecticide. To date, the most commercially successful insecticides targeting nAChRs have been the neonicotinoids. However, there are concerns regarding possible threats to insect pollinators and to the health of the soil which relies strongly on invertebrates for nutrient cycling and preserving soil structure. It will be important to identify key gaps in current knowledge in order to evaluate these threats and the challenges they present. A key issue is whether or not the current methods of neonicotinoid deployment provide the best balance between delivering adequate food production and maintaining biodiversity. 
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